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ABSTRACT 
 
Nanofabrication techniques for achieving dimensional control at the nanometer scale are 
generally equipment-intensive and time-consuming. The use of energetic beams of 
electrons or ions has placed the fabrication of nanopores in thin solid-state membranes 
within reach of some academic laboratories, yet these tools are not accessible to many 
researchers and are poorly suited for mass-production. Here we describe a fast and simple 
approach for fabricating a single nanopore down to 2-nm in size with sub-nm precision, 
directly in solution, by controlling dielectric breakdown at the nanoscale. The method 
relies on applying a voltage across an insulating membrane to generate a high electric 
field, while monitoring the induced leakage current. We show that nanopores fabricated 
by this method produce clear electrical signals from translocating DNA molecules. 
Considering the tremendous reduction in complexity and cost, we envision this 
fabrication strategy would not only benefit researchers from the physical and life sciences 
interested in gaining reliable access to solid-state nanopores, but may provide a path 
towards manufacturing of nanopore-based biotechnologies.  
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SIGNIFICANCE STATEMENT  
 
The main barrier to further development of nanopore-based technologies is the 
complexity, low-throughput, and high-cost associated with of current nanofabrication 
techniques relying on beams of high-energy particles. New fabrication strategies are 
needed for the field to continue to thrive and the promised health-related applications to 
be successfully commercialized. In this paper, we present an original fabrication method 
for creating nanopores directly in aqueous salt solutions, achieving a ~106 reduction in 
instrumentation cost and significantly higher yield with an automated fabrication process. 
We envision this fabrication strategy will not only provide a path towards 
nanomanufacturing of nanopore-based devices, but will democratize the use of solid-state 
nanopores, while offering researchers new strategies for integrating nanopores with 
CMOS and microfluidics technologies. 
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INTRODUCTION 
 
Nanopore sensing relies on the electrophoretically driven translocation of biomolecules 
through nanometer-scale holes embedded in thin insulating membranes to confine, detect 
and characterize the properties or the activity of individual biomolecules electrically, by 
monitoring transient changes in ionic current (1–4). The field was initially shaped by the 
ability of researchers to exploit biological channels to translocate single molecules (5, 6). 
It rapidly expanded when new techniques to fabricate individual molecular-sized holes in 
thin solid-state materials were developed over the last decade (7–12). These techniques, 
based on beams of high-energy particles, either produced by a dedicated ion beam 
machine (i.e ion-beam sculpting) or a transmission electron microscope (i.e TEM 
drilling), allowed researchers to control the nanopore size at the sub-10-nm length scale 
with single nanometer precision, thus greatly diversifying the breadth of applications. 
Since then, a host of applications for DNA, RNA and proteins analysis using both 
biological and solid-state nanopores have been demonstrated (4, 13, 14). Compared to 
their organic counterparts, solid-state nanopores were expected to emerge as an essential 
component of any practical nanopore-based instrumentation due to the size control, 
increased robustness of the membrane, and their natural propensity for integration with 
wafer-scale technologies, including CMOS and microfluidics (15, 16). Yet, this prospect 
is significantly hindered due to the constraints and limitations imposed by ion beam 
sculpting and transmission electron microscopy-based drilling, which, to this date, remain 
the only viable tools for achieving nanopores fabrication with dimensional control at the 
1-nm scale. The complexity, low-throughput, and high-cost associated with these 
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techniques restrict accessibility of the field to many researchers, greatly limit the 
productivity of the community, and prevent mass production of nanopore-based devices. 
Alternative nanofabrication strategies are therefore needed for the field to continue to 
thrive, and for the promised health-related applications to be successfully commercialized 
(including single-molecule DNA sequencing). Here, we introduce a fabrication method 
that is automated, simple, and low-cost, allowing nanopores to be created directly in 
aqueous solution with sub-nm precision, greatly facilitating use and opening up new 
paths toward nanomanufacturing of fluidics devices for a wide range of biotechnology 
applications.  
 
 
RESULTS AND DISCUSSION 
We fabricate individual nanopores on thin insulating solid-state membranes directly in 
solution. A thin silicon nitride (SiNx) membrane, supported by a silicon frame, is 
mounted in a liquid cell and separates two reservoirs containing an aqueous solution of 
1M KCl. Ag/AgCl electrodes immersed on both sides of the membrane are connected to 
a custom-built resistive feedback current amplifier, which allow trans-membrane 
potentials of up to ±20V to be applied. The setup shown in Figure 1 is otherwise identical 
to what is commonly used for biomolecular detection (17), which greatly facilitates the 
transition to sensing experiments, eliminating further handling of membranes. See 
supporting information (SI) section 1 for more detail.  
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A single nanopore is fabricated by applying a constant potential difference, ΔV, across a t 
=10-nm or 30-nm thick SiNx membrane, to produce an electric field, E=ΔV/t in the 
dielectric membrane in the range of 0.4-1 V/nm (Figure 2a). At these high field strengths, 
a sustainable leakage current, Ileakage, is observed through the membrane, which remains 
otherwise insulating at low fields. Ileakage rapidly increases with electric field strength, but 
is typically tens of nanoamperes for our operating conditions. We attribute the dominant 
conduction mechanism to a form of trap-assisted tunneling of electrons, supplied by ions 
in solution (18–21) (Figure 2b), since the membrane is too thick for significant direct 
tunnelling (18), and migration of impurities cannot produce lasting currents (22). Direct 
migration of electrolyte ions is also unlikely, since for a given electric field strength, a 
higher Ileakage is observed in thicker membranes (Figure 2e). We provide additional 
discussion on the characteristics of the leakage current in the SI section 2. 
 
We observe the creation of a single nanopore (i.e. fluidic channel spanning the membrane) 
by a sudden irreversible increase in Ileakage, which is attributed to the onset of ionic 
current (Figure 2f) due to a discrete dielectric breakdown event. As the current continues 
to increase, the nanopore further enlarges (Figure 2g). We use a feedback control 
mechanism to rapidly terminate the trans-membrane potential when the current exceeds a 
pre-determined threshold, Icutoff. A threshold, set as Icutoff/Ileakage <1.2, which is generally 
sufficient to terminate ΔV within ~0.1s of the breakdown event, can produce nanopores 
on the order of 2-nm in diameter as shown by the I-V curves in Figure 2h (see SI section 
3 for additional results). In addition, following the nanopore fabrication event, we can 
continue to enlarge its size with sub-nm precision by applying moderate AC electric field 
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square pulses in the range of ±0.2-0.3 V/nm, similar to Beamish et al. (23). This allows 
the nanopore size to be precisely tuned, for a particular sensing application, directly in 
neutral KCl solution. 
 
 
I-V Characteristics and Noise – To infer the nanopore size upon fabrication, we 
measure its ionic conductance, G, and relate it to an effective diameter, d, assuming a 
cylindrical geometry and accounting for access resistance (24, 25), using: 
! = ! 4!!!! + 1! !! 
where ! is the bulk conductivity of the solution. This method, practical for nanopores 
fabricated in liquids, provides a reasonable first order estimate of the pore size (25, 26) as 
confirmed by DNA translocations, and compares well with actual dimensions obtained 
from TEM images (see SI section 4 and 8). I-V curves are performed in a ±1 V window, 
where the leakage current can safely be ignored. Figure 2h reveals an ohmic electric 
response in 1M KCl. The majority of our nanopores exhibit linear I-V curves upon 
fabrication. The remaining nanopores that show signs of self-gating or rectification can 
be conditioned, by applying moderate electric field pulses (23), to slightly enlarge them 
until an ohmic behaviour is attained in high salt. Such I-V characteristics imply a 
relatively symmetric internal electric potential pore profile (27) which supports the 
symmetrical geometry with a uniform surface charge distribution assumed by our pore 
conductance model. Otherwise, one would expect significant rectification from multiple 
≤1-nm fluidic paths or from a single narrow nano-crack of similar conductance, due to 
strong electrostatic double layer overlap. To further characterize the nanopores, we 
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examined the noise in the ionic current by performing power spectral density 
measurements. Our fabrication method consistently produces nanopores with low-1/f 
noise levels, comparable to fully wetted TEM-drilled nanopores (see SI section 5)(28, 29). 
This may be attributed to the fact that nanopores are created directly in liquid rather than 
in vacuum. Thus far, we have successfully fabricated hundreds of individual nanopores 
ranging from 1 to 25-nm in size with comparable electrical characteristics that are stable 
for days. 
 
Dielectric Breakdown Mechanism – In order that a single, well-defined nanopore be 
created each time, we postulate that the leakage current must be highly localized on the 
insulating membrane, since for conductive substrates (semiconductors or metals) anodic 
oxidation leads to an array of nanopores(30, 31). The leakage spot(s) must also modify 
the membrane at the nanoscale since an aqueous KCl solution at neutral pH is not an 
active etchant of SiNx. To elucidate the mechanism leading to the formation of a 
nanopore, we investigate the fabrication process as a function of applied voltage, 
membrane thickness, electrolyte composition, concentration, and pH. Figure 3a shows the 
time-to-pore creation, τ, as a function of the trans-membrane potential for 30-nm-thick 
membranes, in 1M KCl buffered at various pHs. Interestingly, τ scales exponentially with 
the applied voltage irrespective of other conditions, and can be as short as a few seconds. 
For a given voltage pH has a strong effect. As seen in Figure 3b, τ can be reduced by 
1,000-fold when lowering the pH from 7 to 2. We have also observed that lower salt 
concentrations increase the fabrication time (data not shown). Overall, for a given 
fabrication condition τ is relatively consistent, though variations by a factor of 4 are 
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common, and is uncorrelated with the size of the fabricated pore. Figure 3c shows τ for 
10-nm-thick SiNx membranes, buffered at pH10 in various 1M Cl-based aqueous 
solutions. The fabrication time in these thinner membranes also decreases exponentially 
with potential, but the value required for forming a nanopore is now reduced by ~1/3 
compared to 30-nm-thick membranes, irrespective of the different cations (K+, Na+, Li+) 
tested. This observation indicates that the applied electric field in the membrane is the 
main driving force for initiating the fabrication of a single nanopore. Fields in the range 
of 0.4-1V/nm are close to the dielectric breakdown strength of low-stress SiNx films(19), 
and are key for intensifying the leakage current, which is thought to ultimately cause 
breakdown in thin insulating layers(32). The exponential dependence of τ on potential 
implies the same electric field dependency, which is reminiscent of the time-to-dielectric 
breakdown in gate dielectrics(32). According to the current understanding, dielectric 
breakdown mechanisms proceed as follows(32–34): (i) accumulation of charge traps (i.e. 
structural defects) by electric field-induced bond breakage or generated by charge 
injection from the anode or cathode, (ii) increasing up to a critical density forming a 
highly localized conductive path, and (iii) causing physical damage due to substantial 
power dissipation and the resultant heating. We propose that the process by which we 
fabricate a nanopore in solution is similar, though we control the damage to the nanoscale 
by limiting the localized leakage current, at the onset of the first, discrete breakdown 
event. Given the stochastic nature of the pore creation process, multiple simultaneous 
nanoscale breakdown events are unlikely, which ensures that ultimately a single nanopore 
is created. The process by which material is removed from the membrane remains unclear, 
but broken bonds could be chemically dissolved by the electrolyte or following a 
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conversion to oxides/hydrides (35, 36), or sheared due to localized plasticity in the 
membrane. We explain the pH dependency on the fabrication time by the fact that 
breakdown at low pH is amplified by impact ionization producing an avalanche, due to 
the increased likelihood of hole injection or H+ incorporation from the anode (see SI 
section 6 for more detail). To support the general character of nanofabrication by 
dielectric breakdown, we created nanopores in a different material (silicon dioxide) and 
present the data in the SI section 7. 
 
DNA Translocations – We performed DNA translocation experiments to demonstrate 
that these nanopores can be leveraged for the benefit of single-molecule detection. 
Electrophoretically driven passage of a DNA molecule across a membrane is expected to 
transiently block the flow of ions in a manner that reflects the molecule length, size, 
charge and shape. The results using a ~6.4-nm-diameter pore, as estimated from 
conductance measurements, in a 10-nm thick SiNx membrane are shown in Figure 4. The 
scatter plot shows event duration and average current blockage of over 2,400 single-
molecule translocations events of 5-kb dsDNA. The characteristic shape of the events is 
indistinguishable to data obtained on TEM-drilled nanopores (25, 37–39). The observed 
quantized current blockades strongly support the presence of a single nanopore spanning 
the membrane. Using dsDNA (~2.2 nm in diameter) as a molecular-sized ruler, the value 
of the single-level blockage events, ΔG = 7.4 ±0.9nS, provides an effective pore diameter 
of 6.0 ±0.5-nm consistent with the size extracted from the pore conductance model (25). 
This result also suggests that the membrane thickness at the vicinity of the nanopores has 
not been significantly altered. We observed similar DNA signatures from most nanopores 
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tested (>80% for N>20), and provide further discussion and additional translocation data 
in SI section 8.  
 
Conclusion – Nanopore fabrication by controlled dielectric breakdown in solution 
represents a major reduction in complexity and cost over current fabrication methods, 
which will greatly facilitate accessibility to the field to many researchers, and provides a 
path to commercialize nanopore-based technologies. While we attribute the nanopore 
creation process to be an intrinsic property of the dielectric membrane, such that the 
nanopore can form anywhere on the surface, our current understanding strongly suggests 
that the position of the pore can be determined by locally controlling the electric field 
strength or the material dielectric strength. This could be achieved, for instance, by 
nanopatterning or locally thinning the membrane, by positioning of a nanoelectrode, or 
by confining the field to specific areas on the membrane via micro- or nanofluidic 
channel encapsulation (see SI section 9). The latter would also allow for the simple 
integration of independently addressable nanopores in an array format on a single chip. 
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MATERIALS AND METHODS 
Dielectric Membranes – Silicon Nitride (SiNx) membranes used in our experiments are 
commercially available as transmission electron microscope (TEM) windows (Norcada 
product # NT005X and NT005Z). Each membrane is made of 10-nm or 30-nm thick low-
stress (<250MPa) SiNx, deposited on 200-µm thick lightly doped silicon (Si) substrate by 
low-pressure chemical vapour deposition (LPCVD). A 50-µm × 50-µm window on the 
backside of the Si substrate is opened by a KOH anisotropic chemical etch. The absence 
of pre-existing structural damages (e.g. pinholes, nano-cracks) is inferred by the fact that 
no current (<pA) is measured across a membrane at low voltages (<±1V) prior to 
nanopore fabrication. Silicon dioxide membranes were also purchased from 
TEMWindows (product# SO100-A20Q33). Note that we have also successfully 
fabricated nanopores on SiNx membranes purchased from TEMWindows, and on custom 
fabricated SiNx membranes.  
 
Instrumentation and Data Acquisition – A schematic of the experimental setup is 
shown in Figure 1. A silicon chip with an intact silicon nitride membrane is sandwiched 
between two silicone gaskets (shown in purple on the figure). It is then positioned 
between the two electrolyte reservoirs in a PTFE or a PEEK (polytetrafluoroethylene) 
(polyether ether ketone) fluidic cell. The two reservoirs filled with liquid electrolyte are 
electrically connected to a current amplifier by two Ag/AgCl electrodes. The entire 
system is encapsulated in a grounded faraday cage to isolate from electromagnetic 
interference. Data acquisition and measurement automation were performed using 
custom-designed LabVIEW software controlling a National Instruments USB-6351 or 
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PXIe-6366 DAQ card. The value of the trans-membrane potential is set the DAQ card. 
Leakage current is digitized at 250 kHz and the signal is filtered at 10 Hz. When a current 
exceed a pre-set threshold, the voltage bias is immediately ceased by the software 
(response time is ~100 ms). Ionic current signal during DNA translocations are recorded 
using an Axopatch 200B with a 4-pole Bessel filter set at 100kHz, with at 250kHz 
sampling rate. Data analysis was carried out using custom-designed LabVIEW software 
to measure the duration and depth of each current blockade events. 
 
DNA Studies – We performed DNA translocation studies, using dsDNA fragments of 
100bp, 5kbp, 10kbp purchased from Fermantas (NoLimits products) in 1M KCl pH8 or 
in 3.6M LiCl pH8 at a final concentration of 10µg/mL. Lambda DNA (48.5kbp) 
purchased from NewEngland BioLabs was also used.   
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FIGURES 
 
 
 
Figure 1: Schematic of the experimental setup used to fabricate nanopores directly in aqueous 
solutions. A computer-controlled custom current amplifier is used to apply voltages up to ±20V and 
measure the current with sub-nA sensitivity from one of the two Ag/AgCl electrodes positioned on 
either sides of the membrane. It is noteworthy to realize that this experimental setup is identical - 
with the exception of the custom current amplifier replacing the commonly used Axopatch 200B 
(Molecular Devices) - to the instrumentation used to study DNA or proteins translocation through 
nanopores. 
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Figure 2: a) Application of a trans-membrane potential generates an electric inside the SiNx, and 
charges the interfaces with opposite ions. b) Leakage current through the membrane follows a trap-
assisted tunneling mechanism. Free charges (electrons or holes) can be produced by redox reactions 
at the surface or by field ionization of incorporated ions. The number of available charged traps 
(structural defects) sets the magnitude of the observed leakage current. c) Accumulation of charge 
traps produced by electric field-induced bond breakage or energetic charges carries leads to a highly 
localized conductive path, and a discrete dielectric breakdown event. d) A nanopore is formed 
following dissolution of the defects. e) Leakage current density for SiNx membranes (50-µm ×  50-
µm). The leakage current is fully reversible and stable, unless high fields are sustained, see SI section 
2. A larger current is observed on thicker membranes since the number of charge traps (defects) per 
unit area is greater as their number in the material increases with volume. f) Leakage current during 
nanopore fabrication process. Experiment performed at 5 V, on a 10-nm-thick SiNx membrane, in 
1M KCl at pH13.5. Pore created is ~5-nm (18 nS). The slowly increase leakage current, following the 
capacitive spike, is a result of the accumulation of traps in the membrane. g) Experiment performed 
at 15 V, on a 30-nm-thick SiNx membrane, in 1M KCl pH10. The nanopore is allowed to grow until a 
pre-determined threshold current is reached, at which point the trans-membrane potential is turned 
off. The observed current fluctuations at the onset of pore formation are attributed to significant 
low-frequency noise at this voltage. Pore created is ~3-nm (2.9 nS). h) Current-to-voltage curves for 3 
independent nanopores fabricated on different membranes. The legend indicates the (pore 
diameter)/(membrane thickness) in nm. Measurements performed in 1M KCl pH8, with an Axopatch 
200B.  
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Figure 3: a) Semi-log plot of fabrication time of individual nanopores created in 30-nm-thick SiNx 
membranes in 1M KCl buffered as indicated, versus the applied voltage and the calculated applied 
electric field. The number of separate nanopores each data point is averaged over is indicated in 
parentheses. The vast majority of nanopores plotted are sub-5-nm in size (i.e. <7 nS). b) Semi-log plot 
of fabrication time versus pH for the data plotted in a). c) Semi-log plot of fabrication time of 
individual nanopores created in 10-nm-thick SiNx membranes in 1M Cl-based electrolyte buffered at 
pH 10 for different cationic species versus the applied voltage and the calculated applied electric field. 
All nanopores plotted are sub-5-nm in size (i.e. <20 nS). 
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Figure 4: a) Ionic current trace showing multiple DNA translocation events through a ~6.4-nm pore 
in a 10-nm-thick SiNx membrane. Experiments performed with 10ug/mL of 5-kb DNA fragments in 
3.6M LiCl pH8, at 200mV using an Axopatch 200B. Data sampled at 250 kHz and low-pass filtered at 
100 kHz. b) Scatter plot of the normalized average current blockade (0% presenting a fully opened 
pore, and 100% a fully blocked pore) versus the total translocation time of a single-molecule event. 
Each data point represents a single DNA translocation event. The majority of the events are unfolded. 
There are very few anomalously long events, indicating weak DNA-pore interactions. The inset shows 
ionic current signatures of two single-molecule translocation events, passing in a linear and partially 
folded conformation. c) Histogram of the current level revealing the expected quantization of the 
amplitude of current blockades. Quantized levels corresponding to zero, one, two dsDNA strands in 
the nanopore are clearly observed.  
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S1. Procedures, and Experimental Setup 
 
For fabricating a nanopore, a custom current amplifier is employed to measure the 
leakage current while applying a voltage bias of up to ±20V.  Current is measured at the 
ground Ag/AgCl electrode with pA sensitivity.  The circuit relies on a simple operation-
amplifier circuit (as shown in figure S1) to read and control voltage and current.   Current 
signal is digitized by a data acquisition circuit, and is continuously being fed to a 
computer. Current is monitored in real time at a frequency of 10Hz.  When the current 
exceeds a pre-set threshold, voltage bias is ceased immediately. 
 
 
 
 
 
Figure S1:  Schematic of the custom-built current amplifier. Op-amps used are AD820 and 
AD549. All op-amps are powered by a ±20V voltage source. The circuit takes in a command 
voltage between ±10V from a computer controlled DAQ card, which is amplified to ±20V, 
and sets the trans-membrane potential. Current is measured with a transimpedance 
amplifier topology (AD549 with a 5MΩ  feedback resistor), and the signal digitized by a 
DAQ card. The applied trans-membrane potential is also measured. The signal is scaled by 
1/10 before being digitized by a DAQ card. 
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After the creation of a nanopore, the custom current amplifier is replaced by a 
commercial amplifier, Axopatch 200B (Molecular Devices) – Figure S2. Its special 
architecture allows for lower noise at higher bandwidth recording of ionic current, but 
can only apply trans-membrane potentials up to ±1V. Noise characterisation, I-V 
response and DNA translocation events are recorded at 250kHz sampling rate by this 
instrument operating at the voltage clamp mode with a 100kHz 4-pole Bessel low-pass 
filter. 
 
 
Figure S2: Schematic of the experimental setup used for DNA translocation and noise 
characterization. The custom current amplifier is replaced with an Axopatch 200B for low-
noise high-bandwidth recordings. 
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S2. Leakage Current 
 
Leakage current is measured across an intact silicon nitride membrane as a function of 
trans-membrane potential, while immersed in an electrolyte solution (Figure 1a). At the 
onset of the applied voltage, a current spike from capacitive current persists for a few 
hundred milliseconds (proportional to the chip capacitance), followed by a slowly 
varying leakage current (see Figure 1f), which usually gradually increases. We note that 
this is not always the case, and under long-term fabrication conditions (>hours), leakage 
current has also been observed to be stable or decrease for different set of experimental 
conditions as shown in the Figure S3. This behavior is expected to be highly material 
dependent. The observed leakage current is attributed to a trap-assisted tunneling of 
electrons through the membrane. We argue that the slow increase corresponds to the 
stress induced leakage current (SILC)(1–4), which is caused by the accumulation of 
charge traps within the dielectric material. The measured leakage current shown in Figure 
1e was recorded after 4s of an applied voltage, to remove the effect of the capacitive 
current spike, and avoid observing SILC. The latter generally prevents data points above 
0.4V/nm to be plotted on Figure 1e since the leakage current does not reach a stable state. 
 
 
Figure S3: representative leakage current traces during nanopore fabrication for both 10-nm and 30-
nm thick SiN membranes. While the leakage current often slowly changes with time, the onset of 
pore creation characterized by an abrupt change in current is always clearly identifiable.  
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S3. IV curves of ~2-nm nanopores 
 
We present, in Figure S4, I-V curves for 8 nanopores with effective diameters ranging 
between 1.4-nm and 2.4-nm, as calculated from our conductance-based model accounting 
for access resistance, to demonstrate that nanopores on the order of ~2-nm can be 
fabricated. The frequency response of our control software was set to 10Hz (equivalent to 
100ms response time to stop the current from increasing after crossing the threshold) and 
the cutoff current was relatively tight (20% increase from the leakage current baseline) – 
Note that these settings are not particularly severe.  
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Figure S4: I-V curves of 8 independent nanopores fabricated on 10-nm and 30-nm thick SiN 
membranes, using different fabrication conditions." 
 
We note that while approximations of our conductance-based model can affect the 
accuracy of the values extracted for the effective nanopore diameter (e.g. deviation from 
exact cylindrical geometry from pore to pore), data included in the manuscript and 
supplementary information sections generally suggest a <1-nm error. Remarkably, this 
level of control for the automated nanofabrication of solid-state nanopores in thin 
dielectric membranes surpasses what is currently possible with the state-of-the art 
electron or ion beam drilling techniques. 
 
 
 
S4. TEM Imaging 
 
Imaging a nanopore fabricated by dielectric breakdown in solution under a transmission 
electron microscope can be a laborious task. Indeed, we suspect the nanopore creation 
process to be an intrinsic property of the dielectric membrane, such that the nanopore can 
form anywhere on the surface. The commercial membranes employed in this work are 
50-µm×50-µm. Looking for a sub-10-nm feature on a 25×102-µm2 area is time-
consuming and somewhat difficult since other debris (e.g. salt residues) can be present. 
Our attempts to locate and image a pore on these membranes failed.  
 
In order to obtain TEM images of pores we therefore used a different type of membrane, 
with a reduced window size, graciously provided by Stratos Genomics. These custom 
devices have a 38-nm thick silicon nitride membrane <10-µm in size. Figure S5 shows 
TEM images of two independent nanopores fabricated by dielectric breakdown in 
solution on these custom membranes. We have observed the following three important 
characteristics from the nanopore images obtained thus far: 
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1. A top view of pores confirms a circular pore opening, which was assumed by our 
conductance-based model.  
2. Comprehensive exploration of the membrane surface revealed the presence of a 
single nanopore. No other partially formed pores or unusual membrane features 
have been observed thus far.  
3. The dimensions obtained for the TEM image are in good agreement with the size 
extracted from the conductance-based model, especially for pores >5-nm. Due to 
increased importance of surface effects (i.e. small variations of pore wall profile 
and surface charge density), we expect the accuracy of the conductance-based 
model to be lower for sub-5-nm pores in 1M KCl, particularly for thicker 
membranes.  
 
These initial observations tend to indicate that the calculated pore diameter extracted 
from our conductance-based model may somewhat underestimate the actual diameter, 
though it is possible that the cleaning procedure (a few hours immersed in warm DI water) 
to remove salt residues may alter the pore dimensions. Nevertheless, these results support 
the existence of a single fluidic channel spanning the membrane, as otherwise the 
observed conductance would be significantly larger than what is expected from the 
measured TEM size of a single nanopore.  
 
 
Figure S5: TEM images of nanopores fabricated by dielectric breakdown in solution. a) 
image of a nanopore with an estimated pore diameter extracted from conductance-based 
model of ~11-nm. b) Image of the same pore taken at higher magnification. Pore size 
measured by TEM is ~14-nm. c) Image of different nanopore on a distinct membrane with 
an estimated pore diameter extracted from conductance-based model of ~3-nm. Pore size 
measured by TEM is ~5-nm. Dark spots in the image in a) are observed on intact membranes before being 
immersed in solution and subjected to high electric fields. These spots are believed to be silicon rich regions, 
which are due to the particular LPCVD process used. Such dark spots are not observed on the commercial 
membranes from Norcada. The small bright spot below the pore image in b) is a defective area on the CCD, and 
is found on every image. Note that it is cropped from the image a). 
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S5. Noise Characterization 
 
Noise is characterized by recording a time series of ionic current at a constant voltage 
below ±1V. We examined noise in the ionic current flowing through our fabricated 
nanopores, by performing power spectral density (PSD) measurements to determine their 
noise level. These measurements were performed using Axopatch 200B (Molecular 
Devices) as the current amplifier with the 4-pole Bessel filter set at 100kHz. Figure S6 
shows the PSD of different membranes containing fabricated nanopores under an applied 
trans-membrane potential of 200mV, in 1M KCl pH8. Remarkably, the PSD for these 
nanopores fabricated in solution reveals low 1/f noise level, comparable to the best TEM-
drilled nanopores(5, 6), and in some instances ultra-low 1/f noise level can be attained, 
which are comparable to biological pores(5). We noticed that, similarly to TEM-drilled 
pores, nanopores created by dielectric breakdown do exhibit variability in their low-
frequency noise level, though low 1/f noise level can be obtained with very high yield 
(>80%). Nevertheless, in the event of a high noise nanopore, the low-frequency noise can 
be reduced following a conditioning procedure similar to Beamish et al.(7). The fact that 
we can reliably produce nanopores with low 1/f noise may be attributed to the fact that 
our nanopores are created directly in aqueous solution and are never exposed to air, thus 
eliminating wetting issues, and minimizing the likelihood of nanobubbles trapped at the 
vicinity of a pore(8). In addition, we speculate that the nanopore’s inner wall surface can 
be chemically modified by the fabrication process, which may contribute to an improved 
noise performance. 
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Figure S6: Power spectrum densities of the ionic current of four nanopore fabricated by 
controlled dielectric breakdown, recorded by an Axopatch 200B at 200mV. Data sampled at 
250kHz, and low-pass filtered at 100kHz by a 4-pole Bessel filter. Blue curve - pore is 6-nm 
in diameter, created at pH2 in 1M KCl. Red curve - pore is 6-nm in diameter, created at 
pH2 in 1M KCl. Black curve - pore is 6-nm in diameter, created at pH2 in 1M KCl. Green 
curve - pore is 12-nm in diameter, created at pH13.5 in 1M KCl. The chip is covered with 
polydimethylsiloxane (PDMS) to minimize noises from membrane capacitance(5). At this 
time, there does not yet appear to be any obvious relationship between noise levels and 
fabrication conditions.!
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S6. Time-to-pore creation versus Trans-membrane potential and Electric Field 
strength.  
 
The fabrication of a nanopore in a dielectric membrane is similar in nature to the time-
dependent dielectric breakdown (TDDB) process in solid-state devices. It is therefore 
interesting to show the time required to create a single nanopore in relation to the applied 
electric field and voltage. Here we re-plot some of the data showed in Figure 2. We tested 
two membrane thickness values (t = 10-nm, 30-nm), at various pH and applied voltages, 
V.  The applied electric field is given by E = V/t. Figure S7 shows an approximate linear 
relationship in semi-log scale for the time-to-pore fabrication versus the applied voltage 
or applied field. This trend is reminiscent to dielectric breakdown models for solid-state 
devices(2, 9). However, fabrication times for the two different membrane thicknesses 
studied do not always follow the same behaviour. In alkaline conditions, 10-nm and 30-
nm thick membrane collapse on a continuous curve as a function of applied electric field, 
indicating that the field strength dominates the fabrication process. In acidic conditions 
however, 10-nm membranes require a much higher field to create a nanopore for a given 
fabrication time. We speculate that the strong pH dependence observed in 30-nm thick 
membranes is a consequence of the greater thickness of the membrane, enabling impact 
ionization effects to take place. In 30-nm thick membrane, we therefore argue that 
breakdown at low pH is amplified by impact ionization-induced avalanche, due to the 
increased likelihood of H+ incorporation or hole injection from the anode side of the 
membrane(10). Nevertheless, the possibility of pH and voltage driven chemical and 
electrochemical reactions participating in the pore fabrication process should not be 
ignored and could also be playing a role in the observed results. 
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Figure S7: Time-to-pore creation a nanopore plotted in a log scale against a) applied 
voltage, b) calculated electric field strength, for 10-nm and 30-nm thick silicon nitride 
membranes, in 1M KCl at various pHs. Some of this data is plotted in Figure 2. Some data 
points are averaged over multiple creation events. 
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S7. Fabrication on SiO2 Membranes.  
 
We fabricated nanopores in 20-nm thick SiO2 membranes purchased from SIMPore 
(TEMWindows – product# SO100-A20Q33). A weaker electric field strength was needed 
to fabricate a nanopore in SiO2 in a given time compared to SiN, which we attribute to 
the reduced dielectric constant, and is consistent with dielectric breakdown mechanism 
for the pore formation. Figure S8 shows the nanopore creation event during a 2 s pulse at 
7.5V and continued enlargement at 8V, as well as the resulting I-V curve of the nanopore, 
showing an effective diameter of 6.2-nm. We successfully confirmed the ability of the 
nanopore to detect DNA by studying the translocation of 10-kpb dsDNA molecules. 
 
Figure S8: A) Leakage current versus time for different strength of applied voltage pulses. Pore 
creation happens during the 2s pulse at 7.5V, and is enlarged during the subsequent 8V pulse. B) I-V 
curve of the resulting nanopore, with an effective diameter of 6.2-nm. C) Ionic current trace at 
400mV in 1M LiCl pH8, showing characteristics blockages from translocating 10kpb dsDNA 
molecules. 
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S8. DNA Translocation 
 
The ability to detect single molecule events, such as DNA translocation, is an essential 
feature of a nanopore-based sensing device. To illustrate that nanopores fabricated by our 
method are compatible for single bio-molecule sensing applications, we performed a 
systematic investigation of 18 independent nanopores fabricated in a wide range of 
experimental conditions in 10-nm thick silicon nitride membranes. 11 nanopores were 
between 4.5-nm and 6.5-nm in effective size, 4 nanopores were between 7-nm and 9-nm 
in effective size, and 3 nanopores were between 10-nm and 25-nm in effective size. 
These nanopores were systematically tested by injecting 5-kb dsDNA fragments 
(Fermentas, NoLimits) on one side of the membrane in 3.6M LiCl pH8 at a final 
concentration of 10µg/mL. LiCl was chosen to maximize the current blockades and 
increase translocation times(11). Amongst the 18 nanopores tested, 15 successfully 
showed DNA translocation events, while 9 of them detected >1,000 events before 
clogging*. In other DNA translocation studies, we have also demonstrated detection of 
100-pb DNA fragments, 10-kb DNA fragments, Lamda DNA molecules, and 10-nm and 
30-nm thick SiNx membranes, and 20-nm thick SiO2 membranes. The yield is 
comparable to if not greater than TEM-drilled nanopores (based on our experience and 
from discussions with other groups). However, we should point out that these statistics 
were obtained without any optimization in the fabrication conditions, and we therefore 
believe that major improvement can be achieved.  
Below, we present additional DNA translocation results of a 6.5-nm pore in a 10-nm 
thick silicon nitride membrane (fabrication parameters: 7V, 1M KCl pH2, τ=11,837s), in 
3.6M LiCl buffered at pH8, at five different voltages ranging between 200mV and 
1000mV. Current traces showing some of these events are shown in Figure S9.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!*!We note that clogged pores can often be unclogged by following a process similar to Beamish et 
al.(7), though at the expense of an increase in size, which can nevertheless be minimized to a few 
nanometers.!
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Figure S9: Current versus time of 
5-kbp dsDNA translocation 
events for a 6.5-nm pore in a 10-
nm membrane in pH 8 3.6M LiCl. 
Data recording at 250kHz 
sampling rate, and low-pass 
filtered by a 4-pole Bessel filter 
set at 100kHz. a) Data at 200mV 
was recording when the nanopore 
had an effective size of 6.0-nm. 
The pore partially clogged after a 
few hundreds events. A few pulses 
of moderate electric fields (0.2 
V/nm) were used to unclogged it, 
which also increased its effective 
size to 6.5-nm. b-e) Data at 
400mV, 600mV, 800mV and 
1000mV was subsequently 
recorded without flushing out or 
adding new DNA molecules.  
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Expected Conductance Blockades – These current traces, with observed blockades 
showing multiple quantized ionic current levels, are characteristic of long negatively 
charged polymers electrophoretically forced through a nanopore and compare 
qualitatively well with published results obtained on TEM-drilled nanopores(12–14). The 
interpretation that the observed current blockades are indeed due to dsDNA translocation 
through nanopores, fabricated by our method, is supported by both the increase in current 
blockage amplitude and the decrease in the mean translocation time with increasing trans-
membrane potential across the nanopore (see also Figures S10 and S11). The expected 
current blockage from a dsDNA molecule translocating through a nanopore will depend 
on the particular geometry of the nanopore, and the electrolyte composition(15). 
Translocation data obtained from nanopore fabricated by controlled dielectric breakdown 
compares very well with results obtained from TEM-drilled pores. Similar to what has 
been previously done for TEM-drilled pores, our results can be rationalized by assuming 
a cylindrical nanopore geometry, from which we can approximate the expected 
conductance blockade, ΔG, from a single strand of dsDNA spanning the length of the 
pore as(12, 16): 
 ∆! = !"!!"#!!!   (S1) 
 
where  is the solution conductivity, and L the pore length. This simple expression 
based on a cylindrical model of the pore is frequently used in the nanopore literature(17) 
and allows L to be determined without a priori knowledge of the pore diameter. In the 
limit of high salt concentration (3.6M LiCl, used in this case) and small nanopores (<10-
nm), edge effects become less important due to both increased effective shielding of the 
electrolyte and reduced relative importance of the access resistance as compared to pore 
resistance (see Figure 1 of Kowalczyk et al.(17)). We therefore argue that the 
approximations of equation (S1) affect only slightly the accuracy of our results (see the 
Table1 below, comparing the various values obtained with different models).  
 
Solving equation (S1) assuming a diameter of B-form double-stranded DNA of 2.2 nm, 
and taking the effective pore length as the nominal membrane thickness (10-nm), we 
obtain ΔG = 6.3 nS for the experimental conditions used in Figure S12-S13 (conductivity 
of 16.45 S/m). Our experimental results, of ΔG = 6.2 ± 0.2nS, for the various trans-
membrane potentials tested are therefore consistent with a first-order cylindrical 
approximation of the nanopore geometry.  
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Calculation of the effective pore length – DNA translocation results can be used to 
verify that the membrane thickness has not been thinned in a noticeable way during the 
nanopore fabrication process. We can calculate the effective pore length at the pore 
location using equation (S1) and compare it to the nominal membrane thickness.  
 
We have performed an in-depth analysis of 8 independent DNA translocation 
experiments on 10-nm thick silicon nitride membranes, totally ~30,000 events showing 
unfolded conductance blockades, and using a range of fabrication conditions. Table 1 and 
Table 2 summarize our results, which show an average effective pore length, L = 9.0 ± 
0.3nm. This value is within the tolerance range of the manufacturer of these commercial 
membranes, quoted as a thickness of 10 ± 1nm (product #: Norcada NT005Z). 
 !
Table& 1:& Translocations& were& performed& in& 3.6M& LiCl& pH& 8,& with& 5kbp& dsDNA,& except& pore&
K097&which&used&10kpb&dsDNA.&Nominal&membrane&thickness&is&10Jnm.&&&
!
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Note that: 
 
• K093 was fabricated in pH 10 1M KCl at -9V for 360s, and conditioned at ±3V AC in pH 8 
3.6M LiCl for 800s.  
• K097 was fabricated in pH 10 1M KCl at -8V for 258s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 3900s.  
• K099 was fabricated in pH 2 1M KCl at -8V for 300s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 4634s.  
• K103 was fabricated in pH 2 1M KCl at -7V for 11837s and conditioned at ±4V AC in pH 8 
3.6M LiCl for 4500s.  
• K104 was fabricated in pH 2 1M KCl at -7.5V for 482s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 8884s.  
• K106 was fabricated in pH 13.5 1M KCl at -8V for 66s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 2360s.  
• K123 was fabricated in pH 10 1M NaCl at -10V for 18s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 1270s.  
• K124 was fabricated in pH 10 1M NaCl at -9V for 101s and conditioned at ±3V AC in pH 8 
3.6M LiCl for 540s !!
Error on the calculated membrane thickness was determined as follow:  
 !L = !!"#Δ! !!! + !!!Δ!!Δ!! !!
where error on the solution conductivity was estimated at 10%, and error on the 
conductance blockade is taken as the square root of the sums of the squares of the 
HWHMs histograms of the first blocked state and open pore state.  
 
We then use this value of effective membrane thickness ! to refine our pore diameter ! 
using open pore conductance ! = ! !!!!! + !! !!, obtaining !! = !2! 1+ ! ± 1+ !2! − 4!!"# ! δ!! + 4!!"# − !2!! 1+ ! ! !!! + 4!" ! !!!!!
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where ! = 1+ !"!"!" . All errors are rounded to one significant figure, though 
appropriate rounding is only done after the full analysis has been completed. Average 
error is !! ∑Δ!!! where n is the number of voltage levels at each pore or the number of 
pores considered, as appropriate. !!
For the sake of comparison, we have included !!", the value of the diameter we measured 
from the conductance prior to starting the DNA experiment in question (assuming a 
nominal membrane thickness of 10-nm), as well as !!"#$%& , which is the value of 
diameter calculated without access resistance from the conductance blockage according 
to the equation: 
 Δ!! = !!"#!!!"#$%&!  !!
Table&2:&Averaged&values&of&each&nanopore&compared&to&the&size&extracted&from&IJV&
measurements,&which&assumed&a&nominal&membrane&thickness&of&10Jnm.&
&
!
Analysis of the DNA data indicates that the membrane thickness at the nanopore location 
is not particularly thinned by the pore creation process. As importantly, it strongly 
supports our assumed cylindrical pore geometry as the measured membrane thickness 
and the nominal membrane thickness generally match within error. This observation is 
supported by the TEM images shown in Figure S5, revealing a circular opening of the 
nanopore, consistent with the cylindrical pore model, and not showing signs of membrane 
thinning around the pore.  
 
 
 
 
Kwok%et%al.%“Nanopore%Fabrication%by%Controlled%Dielectric%Breakdown”%Supplementary%Information%Section!
Page 18 of 22!
Quantized Conductance Levels – Further analysis of the translocation data reveals the 
presence of quantized levels in many blockade events arising from integer multiples of 
the number of dsDNA strands present in the pores(12, 18). The equidistant separation of 
the blockade levels of Figure S9 is in agreement with the assumption that the current 
blockade is proportional to the total cross-sectional area of dsDNA molecules. In 
addition, we have analyzed each DNA event to measure the average current blockade and 
their duration. Figure S10 is the resulting scatter plot of the detected translocation events.  
 
 
Figure S10: Scatter plot of normalized ionic current blockade amplitude versus event 
duration of 5kbp dsDNA translocation events for a 6.5-nm pore in a 10-nm membrane in 
pH 8 3.6M LiCl. The different behavior at 200mV reflects the fact the pore was ~6-nm and 
partially clogged after a few hundreds events. A few pulses of moderate electric fields of 
0.2V/nm were used unclogged it, which also increased its size to ~6.5-nm. Also note that at 
200mV DNA mostly traversed in an unfolded fashion (linear). Data recording at 250kHz 
sampling rate with a 100kHz 4-pole Bessel filter. The experiments lasted many hours in 
total. 200mV dataset contains 161 events, 400mV dataset contains 2867 events, 600mV 
dataset contains 4117 events, 800mV dataset contains 3408 events, and 1000mV dataset 
contains 747 events. Note that the conductance blockade amplitude at these voltages is 
slightly reduced, which is also indicative of a larger pore. 
 
 
The data agrees reasonably well with the equivalent charge deficit (e.c.d) curve(18, 19), 
which implies that friction from the wall of a pore is not significant under the conditions 
tested. Also note that anomalously long DNA translocation events are rare. 
 
The mean translocation time from single-level (unfolded) events at a given trans-
membrane potential is extracted by fitting to a Gaussian the distribution to the 
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translocation times. The average DNA velocity is calculated by dividing the length of the 
DNA by the mean translocation time. Figure S11 shows the mean translocation time and 
the averaged velocity as a function of applied voltage. The mean translocation time data 
scale roughly as ~1/V as expected(16). The calculated DNA velocities are in accordance 
with published results(20), though as with TEM-drilled nanopores we have observed 
large variability between nanopores. 
 
 
 
Figure S11: a) Mean translocation time (dwell time) of single level events (unfolded) versus 
applied voltage, showing a ~1/V dependence. b) Calculated velocity (v = 5-kbp/dwell time), 
showing the speed is linear with voltage. 
 
 
Finally, the fact that some translocation events characterized 2 and even 3 quantized 
blockage levels, the latter representing more than 50 % blockage amplitude, strongly 
supports the conclusion that only a single ~6-nm nanopore is spanning the membrane. If 
two, or more, nanopores existed on the membrane, considering the size of dsDNA 
(~2.2nm), 2 and 3 blockade levels could not be achieved, since the area of a single ~6-nm 
nanopore can be equivalent to two ~4-nm nanopores (assuming cylindrical geometry), 
and the likelihood of consistently synchronizing translocation events between pores 
would be low.  
 
 
Overall, our method fabricates single nanopores, with very high yield, which generate 
electrical signals from individual translocating DNA molecules that are virtually 
indistinguishable from TEM-drilled pores. This experimental fact strongly supports the 
assumption that our fabrication method produces, to first-order, cylindrical channels 
spanning the membrane, as opposed to long tortuous path or very narrow slits across the 
membrane. This is further supported by the TEM images obtained of these fabricated 
pores.  
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S9. Strategies to Localize the Pore Creation on the Membrane.  
 
As mentioned in the last paragraph of the manuscript, we suspect that the nanopore 
creation process to be an intrinsic property of the dielectric membrane, such that a 
nanopore can form anywhere on its surface. We also provide multiple approaches to 
easily achieve localization, primarily based on controlling the electric field strength 
locally on the membrane, since the fabrication time is exponentially related to it (see 
Figure 3 and Figure S7). Our data suggest that a local change in thickness of 20-nm on 
the membrane can lead to a 104 change in fabrication time. One can readily envision how 
such an enormous difference in timescale can be leveraged to localize the pore formation 
on the membrane.  
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